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Abstract
This paper is a compilation of the results of the recent 5
years studies of the beam dump system for the LHC proton
collider at CERN, with a special emphasis on feasibility
of the central absorber. Simulations of energy deposition
by particle cascades, optimisation of the beam sweeping
system and core layout, and thermal analysis have been
completed; the structural deformation, stress and vibra-
tion analyses are well advanced, and a new concept of the
shielding design has recently been approved. The mate-
rial characteristics, geometry, performance parameters and
safety precautions for different components of the beam
dump are actually close to completion, which augurs well
for the start of construction work according to schedule.
1 INTRODUCTION
Design of the LHC beam abort system [1, 2] is a challeng-
ing task: in no existing accelerator has a particle beam ever
touched a solid matter with so high an energy, intensity and
space/time concentration as in the LHC beam dump. Some
important parameters for the dump systems of high energy
proton machines are compared in Table 1 1. At any stage of
the filling or colliding process, each of the twin LHC beam
absorbers should be able to intercept up to 4.81014 protons
at 7 TeV/c. The total energy, up to 540 MJ, extracted from
the main ring in 86 s, can temporarily and locally release
into absorber material a maximum power up to 6300 GW,
with a peak deposition density as high as 1 GW/cm3, for a
4 mm diameter beam incident on graphite.
The radiation environment considerations for particle ac-
celerators are often limited to the radiation dose and its bio-
logical equivalent, which is typically averaged over periods
1The ultimate parameters are given for the LHC, and for the SPS op-
erating in the LHC injection regime.
Table 1: Essential parameters for abort systems of high en-
ergy proton machines.
DESY FNAL SPS LHC
Primary energy [TeV] 0.82 1.0 0.45 7.0
Proton intensity 1013 1.8 2.0 4.1 48
Stored energy [MJ] 2.6 3.2 3.0 540
Extraction time [s] 17 21 6.5 86
Released power [GW] 140 150 460 6300
Extr. beam 
r
[mm] 0.7 0.8 0.6 1.0
Typical period 5 h 18 h 16.8 s 8 h
Figure 1: Layout of the LHC beam abort system.
as long as 1 hour or even 1 year, and is assumed to scale lin-
early with beam intensity. However, the radiation impact
gives rise to additional prompt phenomena like structural
heating, deformations, vibrations and stress, which could
become critical in the LHC dump case. Most of these pro-
cesses have cross-coupled and non-linear characters [3];
peak values persisting only for short time intervals make
irrelevant the long termed mean values or time integrals of
beam intensity (precised in Ref. [4]).
The LHC abort system (see Figure 1) for each beam
line consists of a fast kicker magnet, horizontally deflect-
ing (0.37 mrd) to a Lambertson septum magnet which, in
turn, deflects vertically (2.4 mrd) along a 750 m straight
tunnel, to the absorber block, housed in a dedicated under-
ground cave. This review of the recent analyses [5, 6, 7, 8]
concentrates on the current state of design of the beam ab-
sorber, and does not discuss in detail the several related
topics which, although important, are treated here (some-
what arbitrarily) either as secondary problems (e.g., shield-
ing design) or as quite separate problems (e.g., extraction
and dilution magnets). These studies have to define:
1. Some critical parameters, such as the maximum ac-
ceptable energy density, the maximum safe intensity
of the undiluted beam, and thus the requirements and
optimisation of a beam dilution system;
2. An optimal choice of various component (core, frame,
shielding, etc. ) material, size and alignment, and
guidelines for their fabrication;
3. The type and performance of cooling, shielding, etc.
4. The operation procedures, e.g., rules of beam abort
repetition, and safety precautions, with emphasis on
radio-protection.
Moreover, the overall system dimensions and mass impose
careful cost optimisation on applied materials, civil engi-
neering work, and all the required sub-systems.
The physical phenomena in the LHC dump must be
modelled by both the stochastic Monte Carlo (MC) ap-
proach, determining the physical state of the dump imme-
diately after absorption of the beam, and the deterministic
Finite Element (FE) approach, involving dissipation of the
initial energy in a longer time scale. Simulations of par-
ticle cascades with the FLUKA program [9] 2 are used to
obtain the maximum and spatial distribution of deposited
energy (see the next Section of this paper). While any other
proposed beam dilution procedures prove to be insufficient
[10], the aborted beam must be swept over the front ab-
sorber face (see Section 3), the sweeping profile being the
subject of careful optimisation [6]. Extreme temperatures
and pressures that could incidentally be induced by some
sweep failure are discussed in Section 4. For normal dump
operating conditions, the thermal and mechanical analyses
(Sections 5 and 6) are performed with the ANSYS Finite
Element system [11]; the load input is transferred from en-
ergy deposition simulation, and transient distributions of
temperature, displacement and stress are obtained as the
results. Other FLUKA simulations, aimed at determining
inelastic interaction densities, particle fluences and spectra,
and radio-isotope production, are dedicated to shielding de-
sign and radiation protection considerations [12, 13, 14],
briefly summarised in the last Section.
2 ENERGY DEPOSITION SIMULATIONS
A graphite dump core is proposed, surrounded laterally by
an aluminium frame, and followed by Al and Fe down-
stream absorbers. The choice of graphite can be justified
by two roughly calculated criteria: (a) the temperature rise
induced at the cascade maximum by a single bunch (1011
protons; lateral beam size of 
r
0.4 mm was assumed in
Ref. [15]); and (b) the temperature induced in an upstream
layer of the absorber by ionisation energy losses of the full
intensity undiluted beam (4.81014 protons, 
r
1 mm as-
sumed in Ref. [5]). These instantaneous temperatures are
compared in Table 2 with the melting points of different
solid materials. One can conclude that while for any ma-
terial heavier than Al bunch separation by a sweeping sys-
tem would not be sufficient, only a carbon front of the core
can sustain an accidental passage of a high intensity undi-
luted beam. Light liquid materials (e.g., water, lithium)
would increase the required dump length by several me-
ters, and involve complicated containment problems. Fur-
ther graphite advantages (e.g., its high thermal conductivity
and low radio-activation) show up in the following thermal,
mechanical and radiological analyses; moreover, it is avail-
able for a reasonable price (e.g., from the nuclear power
industry).
2see also this year presentations of A. Ferrari
Table 2: Instantaneous temperatures induced at the cascade
maximum by one LHC bunch, and in an absorber upstream
layer by full intensity beam ionisation energy losses, com-







[g/cm3] [oC ] [oC /bunch] [oC /beam]
Be 1.85 1280 75 3520
C 1.85 4500 320 3520
Al 2.70 660 360 3390
Ti 4.42 1670 1800 3250
Fe 7.88 1540 2300 3120
Cu 8.95 1080 4000 2980
Shower simulations with FLUKA 3 are the best available
tool for solving the primary task which is determination of
the maximum, volume integral, and spatial distribution of
the density of energy deposited by primaries and secon-
daries. Some parameters assumed for the dumped LHC
beam can be found in Table 1; the lateral beam shape was
assumed to be Gaussian, of 1 mm width in both horizontal
and vertical planes, and an angular divergence negligible
for the purposes of this study. Multiple Coulomb scatter-
ing was included down to the Molie`re’s theory limit, for
the primaries and secondaries. Electron pair production
and bremsstrahlung were taken into account for electro-
magnetic cascades, hadrons and muons. Energy lost by
charged particles in ionisation processes was converted to
emitted -rays (low energy electrons), and thus further dis-
tributed around ionising particle tracks. Only neutrinos
and anti-neutrinos were discarded, and electro and photo-
production of hadrons were neglected.
The undiluted beam size determines the lateral mesh rel-
evant for scoring deposited energy – which in turn, together
with a fraction of the total energy deposited by different
cascade components, have to define their low energy simu-
lation cut-offs. In practice, a 1 MeV kinetic energy thresh-
old was taken for all charged particles (electrons, charged
hadrons and muons), 100 keV for photons, and neutrons
were followed down to a thermal group (E<0.4 eV). Pre-
vious simulations with different time cut-offs had shown
[3] that the time dependence of the energy deposition pro-
cesses (scale of nanoseconds) may be taken as integrated at
least over bunch time spacing (25 ns) for the purpose of
this study. After slowing down or absorbing the fast shower
components, the first long-range energy transfer process is
due to the pressure wave propagation (thermal radiation be-
ing neglected due to small range in bulk matter) and thus
a significant time resolution needs to be introduced at the
level of microseconds, i.e., for 35 bunch trains (each of 81
bunches, 2 s).
The region close to beam axis is well sampled by parti-
cle tracks, so simulations dedicated to determining maxi-
3All the simulations reported here were performed with versions 1995
of the FLUKA and ANSYS programs for UNIX machines, run on the
CERNSP system (IBM/RS-6000 node farm SP-2).
Figure 2: Longitudinal distributions of energy density de-
posited per proton, within different radii in graphite.
mum energy density need not be biased; unless a deep tail
of the cascade was of special interest, none of the impor-
tance sampling methods available in FLUKA were used.
For the same reason, geometrical details located far from
beam axis are not important, so it was decided to make the
first series of simulation runs with a semi-infinite homoge-
neous cylindrical block of graphite. Calculations show that
for radii up to 30 cm and depths up to 900 cm, a sufficient
region is covered, where the energy density is reduced at
least 3-5 orders of magnitude below the maximum level.
In spite of the rectangular beam shape, a cylindrical sym-
metry around the beam axis (excepting small depths and
radii) is a good approximation for the lateral shape of de-
posited energy which increases the statistical efficiency by
applying a two-dimensional (R-Z) energy scoring mesh. In
presence of a strong slope in the radial distribution, an es-
timate for the maximum density must be quite sensitive to
averaging over the size of the first (on-axis) radial bin. On
the other hand, at larger lateral distances significant accu-
racy can be attained only with wide radial bins. Since bin
size in FLUKA is fixed (within one scoring mesh), it was
decided to apply, compare and retrieve results from 3 inde-
pendent meshes, each of increased radial and longitudinal
bins: of r=0.2, 1, 5 mm and z=5, 10, 20 cm, respec-
tively.
On-axis (the first radial bin) longitudinal distributions of
energy density obtained with 3 meshes, including statistical
errors, are plotted in Figure 2; the radial distributions at a
depth of 185 cm (longitudinal maximum of the beam-size
mesh) can be seen in Figure 3. The highest energy den-
sity within a 0.2 mm radius is found at 158 cm depth, to
be 7.51.1 GeV/cm3 per primary, but when averaged over
1 mm radial bins, it drops to the level of 6.70.8 GeV/cm3
(note that the standard deviations of both estimates over-
lap). The coarse mesh reaches a maximum lateral integral
at 250 cm depth, with a total deposition of5600 GeV per
primary, within a 60 cm diameter and 900 cm length.
All media properties used for simulations of the subse-
quent cascades are assumed to be temperature-independent
and constant in time, and after completing a random sam-
Figure 3: Radial distribution of energy density deposited
per proton, at the longitudinal maximum in graphite.
ple of the cascades, FLUKA normalises the output results
to one primary particle. When extrapolating these results
for the maximum intensity undiluted LHC beam, this ap-
proach cannot account for the eventual non-linear effects
of a rapid change of material properties (including density
variation, even by a phase transition), possible in a time
shorter than the overall beam absorption period (86 s).
However, the usual interpretation of energy deposited per
proton, by linear scaling with beam intensity, remains reli-
able at the level of one LHC bunch, or for non-coincident
bunches separated by a sweeping system.
Estimates of instantaneous temperature rise, made by us-
ing the enthalpy data (see Section 4), are based on an addi-
tional assumption that the material is heated adiabatically
and at constant volume (density). This might be quite a
realistic approach either for a large volume, or for an irra-
diation period as short as a single bunch or even a bunch
train. However, for relatively small bins and for the overall
beam interception period, this approach provides only an
upper (pessimistic) limit of the macroscopic temperature.
The predicted maximum temperature rise per one bunch,
130oC , emphasises that the aborted beam must of neces-
sity be diluted, but demonstrates the feasibility of a beam
sweeping system.
Another question of practical importance concerns the
minimum depth at which the graphite can be replaced by
higher density downstream materials, necessary to attenu-
ate as much as possible the remaining most penetrating cas-
cade components (especially neutrons and muons), while
keeping the total dump length within reasonable limits. A
special series of simulation runs addressed a modified ma-
terial layout: the last 2 m of the graphite (700-900 cm)
replaced by 1 m of aluminium, followed by iron. To
favour the most energetic cascade components, and to save
computer time for increasing secondary statistics at large
depths, leading particle biasing was applied for electro-
magnetic cascades in the upstream region (0-600 cm) of
graphite. Per proton, the energy density remains below
10 9 J/kg after 700 cm depth of graphite and some addi-
tional 50 cm of Al. An applied beam intensity, which does
Figure 4: The optimised sweep profile and lateral align-
ment of the graphite block.
not compromise the integrity of the 7 m upstream core,
would heat the downstream absorbers by no more than 5%
of the maximum temperature in the graphite.
3 SWEEP PROFILE AND CORE LAYOUT
The energy deposition for the desired beam discharge sce-
nario (i.e., normal operation of the sweeper magnets) can
be calculated by two alternative methods:
1. By a dedicated FLUKA simulation with a more realis-
tic three-dimensional geometry model, sampling pri-
mary incidence positions from the sweep curve.
2. By superimposing the two-dimensional (R-Z) energy
distribution, due to undiluted beam of single bunch
intensity incident on a semi-infinite homogeneous
graphite medium, over bunch positions defined by the
sweep profile.
Since initially neither the preferable sweep pattern nor
the exact core layout are known a priori, but are the subject
of optimisation, starting with the second method is a more
practicable approach. The superposition algorithm reads
the bunch positions of any assumed sweep curve, inter-
polates radially and longitudinally the energy density data
(combining the results of 3 scoring meshes), and sums all
bunch contributions at any arbitrary point. The first method
was applied only ultimately to check the overall deposited
energy balance between various dump components.
The energy density along a sweep curve (see Ref. [5, 6]
for examples) depends not only on the sweep speed (bunch
spacing), but also on curvature radii. The optimised pro-
file results from long iterative studies [6]. The first step
consisted of comparing several types of profile, each con-
tained in a square of 20 cm. The comparison led to the
selection of the 3 most interesting profiles: the 3-wave
sinusoidal, the 2nd order Lissajous, and the “apple” (see
Ref. [6] for more details). For each of these 3 profiles,
the second step consisted of progressively expanding their
Table 3: Design and performance parameters of the dump,
with optimised sweep profile, at ultimate beam intensity.
Transverse sweep amplitudes 19.821.6 cm
Length of the sweep profile 118 cm
Energy dilution factor 94
Maximum local energy density 3.1 MJ/kg
Maximum local temperature 1800oC
Required core dimensions 7070700 cm
Position of the maximum (x,y,z) (-11.0, +8.9, 205) cm
Max. laterally integr. energy 1.13 MJ/cm
Total energy absorbed in core 440 MJ
horizontal and vertical amplitudes, until the calculated tem-
perature was reduced to reasonable limits. At this stage, the
unavoidable conclusion was that the initially foreseen per-
formance of the dilution kickers was not sufficient. Thus,
as the next iterative step, the kicker hardware specialists
had to propose a more technically and economically ac-
ceptable improvement, which led to the actual optimised
profile, shown in Figure 4. Obtained performance parame-
ters are summarised in Table 3, and the energy deposition
profiles (along the horizontal, vertical or longitudinal cuts,
and edges) can be found in Ref. [7]. The maximum energy
density in the graphite is reduced by 2 orders of magnitude
which leads to an acceptable maximum temperature rise of
1800 K at 205 cm depth. The small temperature rises in the
Al and Fe absorbers confirm that 700 cm is a safe limit for
the graphite length for a diluted beam.
The calculated distribution of energy deposited by the
swept beam permits the determination of lateral limits re-
quired for the graphite, and the optimal alignment of the
core axis, with respect to the extracted undiluted beam po-
sition (assumed as the origin). A reasonable criterion is to
impose an equal instantaneous temperature rise on each of
the four side walls of the rectangular block, not exceed-
ing some common critical value. It turns out that a block




) = (1; 4) cm (as seen in
Figure 4) assures an instantaneous temperature rise on the
edges less than 25 K. With the dimensions thus defined,
the graphite core of 6.5 T weight would absorb 80%
of the swept beam energy, the rest being dissipated outside
or downstream with a concentration safely low (but only
from the thermal point of view). The core is surrounded by
12 cm thick aluminium frame which serves as a mechan-
ical container, heat exchanger, and vacuum tank (to avoid
contact with oxygen). This lateral frame is rather heated
(with a delay) by conduction from the central hot region,
than by direct cascade energy deposition (which has rather
small spatial density in the Al frame).
LHC beam dump safety considerations are strongly re-
lated to diluter magnet reliability. As each of 8 horizontal
or vertical modules will work independently, simultaneous
faults in one plane would be highly improbable, and even
more so in both planes. Nevertheless, calculations [6] show
Figure 5: Instantaneous temperature versus energy density
absorbed in graphite and liquid carbon.
that missing of a single module increases temperature by
only 200 K. A more serious incident, e.g., a global verti-
cal malfunctioning of the sweep, would heat the front face
of the core to about 260oC , but the central graphite re-
gion (between 110 and 300 cm depth) to above 5000oC .
The worst (although least probable) accident would be a si-
multaneous misfire of all the dilution kicker magnets. If at
maximum intensity all bunches were dumped on the same
axis, the deposited energy (if linearly extrapolated from one
primary proton) could reach a density as high as 330 MJ per
1 kg of graphite, and the central temperature would exceed
5000oC in most of the core length, after the first 3 s. It
is important to predict how the graphite would behave or
transform under such extreme conditions; this is discussed
in the next Section.
4 THERMO-DYNAMICAL IMPACT
It is well known that a highly localised internal heat pulse,
sufficiently short to suppress thermal conduction and ther-
mal dilatation, can create extremely high temperature and
pressure. The load (internal power generation) is effective
on the LHC dump core for about 10 4 s – the time being
much longer than that sufficient for pressure wave propa-
gation (10 6 s), but much shorter than that required for
heat conduction (10 2 s). The residual effects: structural
temperature, stress, deformation and vibration, persist then
for much longer time.
Graphite exhibits elastic behaviour and even improves
its mechanical strength when heated up to a temperature
of about 2500 K, and above this, it shows marked plas-
ticity up to 4000 K. At higher temperatures and am-
bient pressure graphite can sublimate, but pulsed laser
heating experiments (reviewed and compared to the LHC
conditions in Ref. [8]) show that at sufficient pressure
(0.1 GPa) graphite will melt rather than vaporise. A
melting point of high purity graphite has been found at
a temperature of T
m
=4700 K, and the measured latent
heat (H
m
=10515 kJ/mol) can absorb quite a substan-
tial amount of energy, comparable to that bringing the
Figure 6: Temperatures and pressures possibly induced by
the LHC beam, shown on the phase diagram of carbon.
material from room to melting temperature. The maxi-
mum level of thermal pressure is significantly affected by
the time regime of heating, and at the extreme thermal
shock conditions experiments demonstrate even transfor-
mation of graphite into diamond. The density of semi-
metallic or metallic liquid carbon has been estimated to
be 1.32.7 g/cm3, just between the graphite and diamond
density.
Measured data on latent heat and specific heat of liq-
uid carbon enables the extension of the enthalpy versus
temperature dependence to high temperatures and energy
densities; an inverse relation, of the instantaneous (iso-
volumetric) temperature rise versus absorbed energy is
shown in Figure 5. The pressure conditions created by
short (but already far from instantaneous) heating by the
LHC beam have been estimated (by some crude FE anal-
ysis) in Ref. [8], and they turn out to be similar to the
front surface of specimens irradiated by high power pulse
lasers. The results are presented in Figure 6 by means of
the (T; p) diagram: each result on temperature and pres-
sure (correlated, but not uniquely related, as in the case of
instantaneous heating), with no respect to actual position,
is shown as one vertical cross, and the phase boundaries are
marked by solid lines. It can be seen that for temperatures
up to 2500 K, corresponding to energy density diluted
by the beam sweeping system, pressures hardly reach the
level of 1 GPa, and the graphite remains well in the solid
state. The 4700 K temperature threshold is mostly met on
the graphite-liquid (T; p) boundary; at such high temper-
atures, pressures as low as vapour pressure are rather im-
probable. This proves that the graphite of the dump core,
submitted to undilutedor only partially swept maximum in-
tensity proton beam, is more likely to melt than sublimate.
The analysis shows that in the case of peak power density
(1 GW/cm3), the liquid carbon region, of maximum di-
ameter about 2.5 cm around beam axis, could possibly ex-
tend in depth between 15 and 540 cm.
These considerations lead to a fairly acceptable scenario
in the case of an incidental beam sweep failure. Firstly,






















LHC beam dump (MODEL30, BUCKET55 sweep): cw=1, kp=0.5
Figure 7: FE model for thermal analysis: lateral tempera-
ture distributionat the longitudinal maximum, immediately
after swept beam absorption at ultimate intensity.
phase transition, at almost constant melting temperature, is
an additional and useful barrier to temperature rise. Even
if this barrier is locally forced by the maximum deposited
energy density, a small amount of a hot compressed liquid
phase, totally surrounded by the outer plastic and solid re-
gions, would have no means to evaporate or escape through
free external boundaries. The relatively dense liquid car-
bon still retains properties required to develop and safely
absorb hadronic and electron-photon showers. It can even
endure high pressure better than the solid graphite, and no
reason is seen why it could not be heated up even to tens of
thousands K. The plastic behaviour of the solid near melt-
ing point can also be useful for amortising contact with the
pressurised liquid, and for dissipating the energy of dy-
namic stress waves. Moreover, after the heat generation
ceases, the liquid phase could possibly re-condense to solid
forms of carbon, as was observed in laser melting experi-
ments. Thus damage in the central part of core would be, at
least partially, recuperated. At the highest temperature and
pressure range graphite also confirms to be the best mate-
rial for the LHC beam dump core.
5 HEAT TRANSFER ANALYSIS
The dump facility must not only safely absorb the hadronic
and electro-magnetic cascades, but also extract the de-
posited energy out of the system within a reasonable pe-
riod, to bring the internal temperature conditions to an ac-
ceptable level for the next beam abort. A parametric fi-
nite element model of the dump including graphite core,
aluminium frame, base plate with cooling channels (see
Figure 7), and shielding blocks is elaborated and resolved
(see Ref. [7]) by means of the ANSYS Engineering Sys-
tem, providing the transient evolution of internal temper-
ature fields. The influence of natural cooling (surrounding
air convection) and thermal contact, and the performance of
a proposed water cooling system, are considered for single
and repetitive beam dumping (only periodic aborts are con-
sidered). An overall time-dependent balance of the thermal
Figure 8: Time evolution of the maximum temperature in
the Al frame, affected by thermal contact and cooling.
energy in different parts of the system is also discussed.
Even limiting the detailed thermal analysis for normal
sweep operation, the specific heat, thermal conductivity
and expansion coefficient of graphite and aluminium need
to be introduced as a function of temperature, which intro-
duces non-linearity. The finite element model is based on
first-order thermal brick elements, the first internal nodes
in the graphite being imposed at the hottest positions, rep-
resenting centres of 35 bunch trains on the sweep curve.
The thermal load acting for 86 s is the internal heat gen-
eration rate: the energy density distribution superimposed
at each node from bunch positions on the sweep profile (so
thus integrated over the total beam abort time) must be ex-
pressed per unit time (in units of power density), and finally
normalised to the beam intensity. Heat evacuation by a wa-
ter cooling and leakage to the environment are modelled
as boundary conditions of the convection type; the convec-
tion coefficients and a presumed surface fraction of the per-
fect contact (between the Al frame, base plate, and shield-
ing blocks) are adjustable parameters. Either a uniform
room temperature, or the residual temperature distribution
remaining after the previous (multiple) abort cycle(s), can
be assumed for the initial state of the dump.
The main conclusion is that the dump might require sev-
eral hours of cooling after each beam abort: while a tem-
perature above 1000oC persists in the hottest region around
sweep (white in Figure 7) for several seconds (for such a
short time the only effective cooling is by thermal conduc-
tion), after 1 h some part of the core will still remain above
100oC ; more than 3 h of cooling are necessary to bring the
central temperature in the graphite below 50oC . However,
these temperatures, well below 2500oC , are quite accept-
able for graphite, and the most severe design constraint is
imposed by the temperature of Al frame which for met-
allurgical reasons must be limited to 150oC . The frame
temperature reaches maximum 15-25 mn after the beam
absorption, and thereafter drops to a level affected by the
cooling conditions. The time evolution of maximum tem-
perature in the aluminium, obtained with different assump-
tions on the cooling system and on thermal contact between
Figure 9: Stationary limit of the maximum temperature in
the Al frame, as a function of dumping period, for nominal
and ultimate beam intensity, with and without cooling.
different parts of the dump, is shown in Figure 8. The eight
3.2 cm diameter channels along the base plate, with water
speed of 2 m/s are designed for optimal cooling which to-
gether with the heat dissipated in the shielding can extract
85% of the initially deposited energy in an 8 h load-free
period.
The thermal stability problem (steady-state temperature
level after multiple aborts) can only be solved by numeri-
cal approximations, using a limited number of ANSYS re-
sults as an interpolation-extrapolationbase to determine the
extreme temperature as function of: beam intensity, abort
frequency and performance of the cooling system. At the
ultimate intensity of 4.81014 protons per beam, the dump
assembly needs necessarily to be cooled to permit abort cy-
cles as short as 13 h. At the nominal intensity of 31014 pro-
tons, periodic aborts once per 5 h can be achieved without
cooling. At any intensity, however, water cooling reduces
the safe abort period by at least a factor 2. The stationary
limit of the maximum temperature in the Al frame, as a
function of dumping period, is shown in Figure 9.
6 STRUCTURAL ANALYSIS
Absorption of high energy and intensity beam, or of its
secondary cascade, can give rise to structural stress, vibra-
tions and deformations; these ultimately menace the sys-
tem integrity, performance and life time, by possible ma-
terial degradation or even destruction, breaking mechani-
cal or thermal contact, or exceeding fatigue limits. These
radiation-induced effects are the subject of the mechani-
cal analysis which for the LHC beam absorber is well ad-
vanced, but not yet completed. For the first 86 s non-
equilibrium period of fast spatial and time variation of load
concentration point (at actual bunch position), the most
suitable but cumbersome approach is the use a fine uni-
form mesh of the special elements with coupled thermal-
displacement degrees of freedom and with internal heat
generation input. The characteristic vibration frequencies























LHC dump - indirect thermal-stress quasi-static analysis
Figure 10: Example of a deformed structure of the graphite
core; element shade represent an open (dark), sliding or
closed contact with the Al frame, 20 mn after beam abort.
tions, but at each frequency domain, the transient dynamic
analysis with adequate time steps would probably be the
only accurate method to determine the excited amplitudes
and participation factors (hopefully decreasing at higher
frequencies). For longer times, when the temperature field
varies significantly slower than thermal dilatation or con-
traction, and the inertia forces become negligible, the ther-
mal stress and deformation is quite accurately determined
by using a quasi-static approach. In this case, purely struc-
tural elements are applied, and quasi-stationary tempera-
ture data is read from the results of subsequent time steps
of the former thermal analysis. Moreover, good modelling
of the mechanical contact (by special elements) becomes
essential for both static and dynamic analyses. The first
results show that limiting the maximum stress in graphite
below 8 daN/mm2, with the dynamic components not ex-
ceeding 1.5 daN/mm2, would probably be feasible. Fig-
ure 10 provides an example of the deformed core shape
(with an artificially increased strain scale). Further data
would give some guidance on the optimal internal segmen-
tation of the structure, and on some useful level of the fab-
rication pre-stress. Finally, they will lead to detailed speci-
fication of material properties required for the graphite and
aluminium.
7 SHIELDING DESIGN
About 1 m of side and top iron shielding, surrounded even-
tually by concrete walls, would reduce the dose equiv-
alent on outside shield surface below 300 Sv/h, and
below 20 Sv/h inside the hall, assuming 51016 pro-
tons/year. The maximum annual dose from the release of
air-produced radionuclides in the caverns has been found
[13] to be comparable with that from an experimental cav-
ern of the LHC, and significantly below the current CERN
constraints. The currently approved shielding design [12]
is based on the use of the old ISR magnet yokes decom-
missioned at CERN; a rough sketch of these 35 iron blocks







Figure 11: Layout of the shielding blocks.
central magnet gaps with cement would be helpful to re-
duce the contribution from thermal neutrons and thus the
amount of 41Ar, the dominating component (among 39
considered radio-isotopes) in the release of the radioactive
air. The dose results have been found [12] to be sensitive
to the neutron cross-sections in the low energy resonance
range, which are affected significantly by iron impurities.
Estimates of activation of absorber and shielding materi-
als, and eventually ground and water (including a possible
muon contribution) are the next important steps of the radi-
ological impact assessment. As a practical consequence, it
will be important to evaluate in advance the minimum safe
delay after beam abort should a human access to the dump
caverns be necessary. Another important factor to consider
is the impact of radiation damage (dominated by neutron
fluence) on graphite properties.
8 CONCLUSION
At the current state of LHC beam dump design, the energy
deposition simulation, the optimisation of the beam sweep-
ing system and the core layout, and the thermal analysis
have been completed; the structural (mechanical) analyses
and the shielding design are well advanced. The studies re-
viewed in this paper have confirmed the feasibility of the
LHC beam abort system and they are now close to spec-
ifying the material requirements, geometry, performance
parameters and safety precautions for the different com-
ponents of the system. This reassures the planned start of
construction work according to schedule.
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